Squint multi-receiver synthetic aperture sonar (SAS) data is more challenging to process than data about its common side-looking counterpart because the geometry is complicated. While traditional multi-receiver algorithms mainly handle general side-looking cases, they do not work well for squint cases. Up to now, no multi-receiver algorithm for handling squint multi-receiver SAS data has been reported. This paper focuses on an imaging algorithm for the squint multi-receiver SAS. Firstly, the "non-stop-go-stop" signal model is established for squint multi-receiver SAS. Then a squint multi-receiver nonlinear chirp scaling algorithm (SMANLCSA) is proposed that is suited to process multi-receiver SAS data with small squint angle and SMANLCSA involves three key steps. The first step is to turn squint multi-receiver data into squint single-receiver data. The second step is a Doppler centroid frequency shift. The third step is range cell migration correction using nonlinear chirp scaling. Simulations have shown that SMANLCSA can handle squint multi-receiver data more accurately and effectively than the previous algorithm..
Introduction
Multi-receiver apertures have been suggested to overcome the inherent limitations of the synthetic aperture imaging system to achieve imaging with high resolution and a high coverage rate [1, 2] . The "stop-go-stop" hypothesis is no longer applied in multi-receiver SAS.
In 1999 and 2002, respectively, Tang [3] and Callow [4] derived the accurate expression of the "non-stop-go-stop" time. It is a formula that shows that the "non-stop-go-stop" time is a two-dimensional variable function involving range and azimuth time. However, this expression is very complex and difficult to directly apply to the imaging algorithm for multi-receiver SAS. Yang [5] proposed the use of time with the range variable instead of the "non-stop-go-stop" time.
In past years, several algorithms have been proposed for squint synthetic aperture radar (SAR) imaging, such as the range Doppler algorithm, the chirp scaling algorithm, the omega-K algorithm and their modifications [6] [7] . The nonlinear chirp scaling (NLCS) algorithm is one of these imaging algorithms [8] . It is used to handle data from a wide swath and has an efficient and accurate approach to range variant secondary range compression (SRC). In the following sections, SAS refers to multi-receiver SAS.
This article is organized as follows. Section II presents the model of the accurate instantaneous slant range and signal model of a point target. Section III presents multi-receiver data processing, azimuth data reconstruction, Doppler centroid frequency shift, cubic phase filter, and nonlinear chirp scaling. In Section IV, some simulations are performed to verify the proposed algorithm. In Section V, some comments are given.
Modeling the Squint SAS

Accurate Instantaneous Slant Range
In this section, we evaluate the model of the accurate instantaneous slant range for squint SAS based on a general squint multi-receiver geometry, as shown in Figure 1 . In this section, we evaluate the model of the accurate instantaneous slant range for squint SAS based on a general squint multi-receiver geometry. As shown in Figure 1 . v is the velocity of the platform, t is the slow time, * i t is the accurate delay of the i th receiver, while is the "non-stop-go-stop" time, i d di is the baseline between the transmitter and the i th receiver, 0 is the starting point of the slow time, P is the point target, ba θ and be θ are the yaw angle and look-down angle, respectively, sq θ and sqi θ are the squint angle of the transmitter and the squint angle of the i th receiver at the beam centre crossing time, respectively, r and Ri r are the slant range between the transmitter and the point target, and the slant range between the i th receiver and the point target at the beam centre crossing time, respectively, ( ) ; T R t r and ( ) ; Ri R t r are instantaneous slant range from the point target to the transmitter, and instantaneous slant range from the point target to the i th receiver, respectively, and are transmitting-receiving sharing antenna and transmitting receiving sharing antenna, respectively. According to the geometric model in Figure 1 , the accurate instantaneous slant range to the point target (P) is given by 
Signal Model of a Point Target
After demodulation to baseband, the received signal of the i th receiver comes from the point target (P) (as shown in Figure 1 ), which is approximately expressed as
whereτ is the fast time, ( ) . p is the pulse envelope, ( ) . a ω is the antenna weighting, k is the FM rate, c is the speed of sound, and 0 f is the carrier frequency.
Derivation of the SMANLCSA
The original NLCS algorithm was used to focus the following: (1) side-looking SAS data, (2) monastic data, and (3) biostatics data. The SMANLCSA proposed in this paper is used to focus the squint multi-receiver SAS data, and is shown in the thick-lined boxes in Figure 2 . 
Multi-receiver Data Processing
The phase correction is based on an analysis of the multi-receiver signal's phase compared to the phase of a monostatic and uniformly-sampled signal. The phase correction function is given by ( )
.The range cell migration corresponding to ( )
,where r f represents the range frequency, and ref r represents the reference range. After the phase correction and RCMC, the signal is given by
where ( ) The concept of displaced phase center antenna (DPCA) is introduced to multi-receiver side-looking SAR [1] . There is a slight difference in squint multi-receiver synthetic aperture sonar. Assume the size of sub-aperture 6) where N is the number of apertures, as shown in Figure 4 . As shown in Figure 3 , the data in Eq. 5 is rearranged in the order from the first receiver to the Nth receiver in the azimuth time domain. After rearrangement, the signal can be reconstructed as 
where T and s T are ( ) 1 .
N PRF and 1/PRF, respectively, ( ) . δ is the Dirichletian function, and M is the number of pulses in a synthetic aperture length.
Doppler Centroid Frequency Shift
In the squint condition, the signal energy is wrapped around in the azimuth frequency domain. The problem can be resolved by multiplying the linear phase ( ) 
In Eq. 8, λ is the wavelength. In general cases, r is much longer than i d , so dc f can be approximated by
Cubic Phase Filter
This signal is transformed into the 2-D frequency domain by applying the principle of stationary in the azimuth time domain. Then the signal is given by is still small enough that its range dependence can be neglected, and it can be combined with the cubic phase filter coefficient to define the modified coefficient: 
Nonlinear Chirp Scaling
To model the range dependence of the range frequency rate ( s k ), it is assumed to vary linearly with the range-time from the reference trajectory. The range compression, SRC, and the bulk range cell migration (RCM) can then be performed by conjugate multiplication. The phase of the range-matched filter at this step is given according to Eq. 21 and [8] .In the range Doppler domain, the azimuth compression, the residual phase correction, and the azimuth move correction are applied by conjugate multiplication, and this phase factor is given according to Eq. 21 and [8] . Finally, the data is transformed back into 2-D time domain by 2-D inverse Fourier transformation.
Simulation Results
To verify the validity of the SMANLCSA in the paper, simulations are carried out in this section. The system parameters are listed in Table I . Figure 4 shows the result of processing one simulated point target for different squint angles. Table  II summarizes the point target analysis for cases with the different squint angles. The simulation results in Figure 4 and Table II show that the range resolution, the azimuth resolution, the sidelobe ratio, and the target location all reach the value. The five-point targets are shown in Figure 5 to verify the image quality in different swaths. The main simulation and processing parameters are given in Table I . The reference range was set to 124m and 274m. The simulation results show that perfect image quality is achieved at different reference ranges and squint angles by using the SMANLCSA. 
Summary
In this paper, the "non-stop-go-stop" signal model is established, and the SMANLCSA is proposed.
The key steps of SMANLCSA are deduced, and the simulations show that the SMANLCSA can handle SAS data with small squint angle accurately and effectively.
